Cardiac myosin binding protein-C (cMyBP-C) is a regulatory protein of the contractile apparatus within the cardiac sarcomere. Ischemic injury to the heart during myocardial infarction (MI) results in the cleavage of cMyBP-C in a phosphorylation-dependent manner and release of an N-terminal fragment (C0C1f) into the circulation. C0C1f has been shown to be pathogenic within cardiac tissue, leading to the development of heart failure. Based on its high levels and early release into the circulation post-MI, C0C1f may serve as a novel biomarker for diagnosing MI more effectively than current clinically used biomarkers. Over time, circulating C0C1f could trigger an autoimmune response leading to myocarditis and progressive cardiac dysfunction. Given the importance of cMyBP-C phosphorylation state in the context of proteolytic cleavage and release into the circulation post-MI, understanding the posttranslational modifications (PTMs) of cMyBP-C would help in further elucidating the role of this protein in health and disease. Accordingly, recent studies have implemented the latest proteomics approaches to define the PTMs of cMyBP-C. The use of such proteomics assays may provide accurate quantitation of the levels of cMyBP-C in the circulation following MI, which could, in turn, demonstrate the efficacy of using plasma cMyBP-C as a cardiac-specific early biomarker of MI. In this review, we define the pathogenic and potential immunogenic effects of C0C1f on cardiac function in the post-MI heart. We also discuss the most advanced proteomics approaches now used to determine cMyBP-C PTMs with the aim of validating C0C1f as an early biomarker of MI.
. Cardiac morphology and sarcomere structure. (A) Anatomical diagram of the heart showing cardiac vasculature. Inset illustrating myocardial infarction (MI). A leading cause of MI is the rupture of an unstable cholesterol plaque promoting thrombus formation, inflammatory cell infiltration, and occlusion of a coronary artery. The loss of blood supply to distal myocardial tissue inhibits the supply of oxygen and nutrients within the infarct zone and leads to tissue necrosis following prolonged ischemia. The duration of occlusion determines the severity of tissue damage with irreversible necrosis occurring within several hours of the infarct. As such, identifying early markers of MI presence will be vital in the timely diagnosis and treatment of patients in the future. (B) Structure of cMyBP-C in the cardiac sarcomere. The cardiac sarcomere consists of the thick-filament proteins: myosin and titin, as well as the thin-filament proteins: actin, ␣-tropomyosin, and troponins I, C, and T. cMyBP-C is a sarcomeric protein that participates in stabilizing sarcomere structure and regulating the kinetics of crossbridge cycling by controlling the interaction between actin and myosin filaments.
infarctions do not result in clear ST-segment elevation [6] . In these non-ST segment elevation (NSTEMI) patients, diagnosis is based on release of cardiac proteins (mostly cardiac troponins) into the circulation caused by necrotic cardiomyocytes [7] . Unlike the ECG changes in STEMI patients, an increase in serum levels of the cardiac troponins is only detectable after several hours [2, 8] .
In the healthy heart, contraction is regulated by a system that couples electrical excitation to elevated levels of intracellular calcium (Ca 2+ ), triggering an interaction between actin and myosin filaments to generate crossbridge cycling and shortening of the sarcomere (Fig. 1B ) [9] . However, upon ischemic injury to the heart, the loss of myocardial tissue alters the contractile properties of myocytes leading to further myocyte death and exacerbating cardiac dysfunction [10] . The heart attempts to compensate for the loss of contractile activity and diminished cardiac pump function by increasing myocyte Ca 2+ transients [10] . However, maintaining contractile function by increasing Ca 2+ influx induces continuous pathological stress in the post-MI heart [10] . This stress causes structural remodeling of the left ventricle and dysfunction leading to hypertrophy and eventually, dilation [10] [11] [12] .
Our group recently found that the sarcomeric regulatory protein, cardiac myosin binding protein-C (cMyBP-C), is degraded into an N-terminal 40 kDa fragment (C0C1f) following MI and that this fragment is released into the circulation [13] [14] [15] . Within cardiac tissue, C0C1f has been demonstrated to produce significant contractile dysfunction [13, 16] and heart failure (HF) [15] . Furthermore, previous studies have determined cMyBP-C to be immunogenic, triggering the production of autoantibodies (AAbs) that generated experimental autoimmune myocarditis (EAM) and dilated cardiomyopathy (DCM) in animal models [17] [18] [19] . In support of this, the immunogenicity of circulating cardiac proteins has been studied in patients with DCM [20, 21] . As such, C0C1f may also be considered immunogenic within the circulation and could lead to post-MI myocarditis and DCM. Thus, the pathogenic and potentially immunogenic effects of C0C1f may augment cardiac dysfunction post-MI, but its immediate release following ischemic injury may also implicate cMyBP-C as a novel biomarker aiding in the early diagnosis and treatment of MI.
Overall, the status of cMyBP-C phosphorylation, proteolytic cleavage, and release into the circulation post-MI underscores the importance of understanding cMyBP-C regulation through PTM. Lately, several studies have used leadingedge proteomics approaches to define the PTMs of cMyBP-C and characterize their role in health and disease [22] [23] [24] [25] . Such proteomics assays may provide accurate quantitation of the levels of cMyBP-C in the circulation post-MI and could demonstrate the efficacy of using plasma cMyBP-C as an early cardiac-specific biomarker of MI [26] .
Structure and function of cMyBP-C
The sarcomere is the functional unit of striated muscle consisting of thick and thin filaments that regulate contraction (Fig. 1B) . cMyBP-C is a cardiac protein of 140.8 kDa that expresses specifically in the heart [27] , stabilizing sarcomere structure and regulating actomyosin crossbridge formation [28] [29] [30] . Structurally, cMyBP-C contains 12 domains, including a unique cardiac N-terminal domain (C0), an insertion loop of 28 residues within the C5 domain, and similar to other actin-binding proteins, a Pro-Ala-rich region between the C0 and C1 ( Fig. 2A) . A cardiac-specific M-domain with Figure 2 . Mapping of PTMs in cMyBP-C by MS/MS. Elucidating the profile of PTMs that occur within cMyBP-C through proteomics approaches has been and will continue to be essential for determining how these modifications affect the role of cMyBP-C in health and disease. (A) Structurally, cMyBP-C consists of 12 domains of which 8 are immunoglobulin (IgC2) like domains (blue), and three are fibronectin (FN3) domains (purple) [65] . Unique to cMyBP-C is a cardiac-specific C0 domain, a proline-alanine rich linker region (red), an insertion loop within the C5 domain, and a phosphorylation motif at the M-domain (green) [65] . Sites of interaction between cMyBP-C domains and other sarcomeric proteins are shown below. Listed are the PTM sites within mouse cMyBP-C adapted from PhosphoSitePlus R analysis of cMyBP-C PTMs (http://www.phosphosite.org) [66] that have been determined using MS and other techniques. PTM residues are indicated in the text as acetylation (pink), glutathionylation (blue), methylation (brown), phosphorylation (red), and ubiquitination (green). (B) MS/MS represents a highly sensitive analytical tool for identifying the sites and types of PTMs within enriched peptides from a sample of tryptically digested and separated proteins and will be a critical proteomics approach in the future of cMyBP-C PTM discovery. The first MS analysis provides the mass of all peptides in a sample. Specific peptides can then be fragmented to generate ions that undergo another round of MS to determine fragment ion m/z values and peptide sequence by computational analysis [67] . Based upon changes in the mass of modified amino acid residues, MS/MS allows for identification of the type and site of a PTM [67] .
multiple phosphorylation sites lies between C1 and C2 that is phosphorylated by several kinases [31] [32] [33] [34] [35] (Fig. 2A) . Several studies have determined the significance of cMyBP-C phosphorylation status in the context of its ability to regulate actomyosin crossbridge formation and hence, control force generation within the sarcomere [36] [37] [38] [39] . In addition, phosphorylation has been shown to protect cMyBP-C from proteolysis during ischemic injury to the heart [14] , whereas dephosphorylation promotes its interaction with myosin and degradation. Moreover, mutations in the gene encoding cMyBP-C are associated with contractile dysfunction [40] and cause hypertrophic cardiomyopathy and DCM [41] , suggesting the importance of increased studies that focus on cMyBP-C regulatory pathways.
cMyBP-C is a substrate for calpain-mediated proteolytic cleavage
Throughout ischemia and in early reperfusion, increased levels of Ca 2+ activate the Ca 2+ -dependent protease calpain, which degrades intracellular proteins, including contractile proteins, during myocardial necrosis [42] . Postischemic dysfunction has been associated with Ca 2+ -dependent degradation of ␣-actin [43] and cardiac troponin-I (cTnI) [44] . Models of ischemia-reperfusion (I-R) also show degradation of cardiac troponin-T and myosin light chain-1 [45] . Previous work has identified cMyBP-C as a substrate for calpains [46, 47] , and that dephosphorylation makes cMyBP-C susceptible to proteolysis, leading to the release of C0C1f fragments. MS/MS analyses revealed that the calpain cleavage site lies within the M-domain at 272-TSLAGAGRR-280 in mice and that cMyBP-C cleavage fragments could be readily detected in cardiac tissue [46] . It was determined that C0C1f is generated and released into the circulation in an in vivo rat model of MI and in samples from post-MI patients [14] . Furthermore, cMyBP-C dephosphorylation was found to correlate with its increased degradation and release in vitro and in ischemic areas of the in vivo MI heart [14] . Given the role of cMyBP-C as a regulator of actomyosin interaction, its degradation may be involved in pathological dysfunction following ischemic injury to the heart [46] .
Pathogenic consequences of C0C1f
Pathogenic consequences of cMyBP-C degradation in the heart post-MI could arise through disruption of normal full-length protein function, through direct pathogenicity of C0C1f within the sarcomere, or both. The pathogenic properties of C0C1f were determined upon adenoviral infection of neonatal rat ventricular cardiomyocytes and adult rabbit ventricular cardiomyocytes with full-length cMyBP-C, C0C1f, or the 110 kDa C-terminal fragment [13] . This work revealed that C0C1f binds to the actin thin-filament within the cardiac sarcomere. Using LC-MS/MS analysis, it was determined that this fragment contains several acetylation sites that may be involved in regulating the interaction between actin and myosin filaments [13] . Furthermore, C0C1f expression significantly elevated caspase-3 activity, as well as the release of lactate dehydrogenase, which is an indicator of increased cell injury, demonstrating the toxicity of this fragment to cardiomyocytes [13] . C0C1f reduced cell viability, altered Ca 2+ handling, and significantly decreased sarcomere length shortening and the velocities of contraction and relaxation by inhibiting actomyosin function [13] . It was later established in vivo that the C0C1f fragment could cause cardiac dysfunction and HF [15] . Most recently, Witayavanitkul et al. examined in vitro the association between C0C1f and altered contractility in human cardiac myofilaments. They found that C0C1f decreased myofilament Ca 2+ sensitivity and maximum force generation, but increased cooperative activation, the kinetics of crossbridge cycling, and tension cost at short sarcomere lengths [16] . Furthermore, it was shown that C0C1f interacted with actin and ␣-tropomyosin to exert its effects by reducing contractility, suggesting that reduced cardiac function following MI may result from C0C1f taking on the characteristics of a poison polypeptide by interfering with the ability of native cMyBP-C to interact normally with the thin filament [16] . Overall, delineating the toxic effects of cMyBP-C degradation and subsequent release of C0C1f on sarcomere function has provided insight into the mechanisms underlying contractile dysfunction in MI patients, therefore preserving phosphorylation status is necessary to protect its degradation. While C0C1f is pathogenic within cardiac tissue, its release into the circulation following MI may also trigger an autoimmune response contributing to the development of debilitating myocarditis and progressive cardiac dysfunction.
Immunogenic response to released cMyBP-C post-MI
Autoimmune-mediated disease occurs when the body fails to distinguish its constituents as being self rather than harmful nonself, leading to the development of an immune response against its own healthy tissues [48, 49] . AAbs are antibodies that are produced by the immune system and target an individual's own proteins. The onset of myocarditis and DCM has been associated with the presence of circulating AAbs to cardiac contractile proteins [21] . Indeed, the production of AAbs against released cTnI in patients with ischemic cardiomyopathy and DCM has been correlated with the appearance of myocarditis and the progression of DCM into HF [50] . Similar to cTnI, released cMyBP-C may indirectly damage the myocardium and induce cardiac dysfunction by triggering an immunogenic response and the production of cMyBP-Cspecific AAbs following MI. These AAbs may then play a role in the development of autoimmune myocarditis and the progression of DCM into HF. Unlike cTnI, the immunogenic potential of cMyBP-C following MI has not been well documented; therefore, mechanistic data explaining how circulating cMyBP-C may induce AAb production and potential cardiac dysfunction in this post-MI period is limited. However, the strong reactivity of AAbs targeted to fragments of murine and human cMyBP-C that could produce animal models of EAM and DCM has been demonstrated [17] [18] [19] . Kasahara et al. were the first to report the presence of cMyBP-C-reactive AAbs in the sera of patients with DCM [17] . They further established the immunogenicity of cMyBP-C upon repeated injection of murine cMyBP-C fragments into various strains of mice, leading to the development of autoimmune myocarditis in a subset of animals [17] . cMyBP-C-AAbs were found to react strongly with residues 205-916, the myocarditis-inducing region, but weakly with residues 945-1270, of murine cMyBP-C [17] . Matsumoto et al. provoked severe EAM in rats upon immunization with recombinant human cMyBP-C fragments corresponding to the N-terminal residues 1-323 and 317-647, and mild EAM with the C-terminal residues 641-970 and 964-1274 [18] . Residues 615-647 were later found to be the most immunogenic with a peptide from this region causing moderate EAM. However, in order to produce DCM, they hypothesized the further requirement of a pathogenic mechanism sufficient to produce more severe inflammation and fibrosis [19] . A major drawback of this study is the failure of Matsumoto et al. to further explore the antigenicity and immunogenicity of EAM-inducing residues 1-323 consisting of cMyBP-C domain C0 through an early part of the M-domain, largely constituted by the C0C1f fragment. Given that circulating cMyBP-C is able to induce EAM and DCM, it is possible that released C0C1f generates an immune response following MI, with the production of AAbs to this fragment promoting cardiac dysfunction. Particularly, important is the fact that cMyBP-C contains domains at its N-terminus that are present only in the cardiac isoform, indicating a potential cardiac specificity for AAbs developed to this region. Therefore, to further classify the immunogenic properties of cMyBP-C following MI, future studies should focus on the potential, production, and pathogenic roles of cMyBP-C-AAbs in the ischemic myocardium. While persistence of circulating cMyBP-C fragments may be immunogenic, C0C1f may also be beneficial in the early diagnosis and treatment of MI, as previously noted.
Clinical applications of cMyBP-C as a novel biomarker in the diagnosis of MI
To this point, we have largely defined the detrimental effects of released cMyBP-C on cardiac function in the post-MI heart. However, recent data implicate circulating C0C1f as having clinical utility and potentially serving as a novel biomarker for the early diagnosis of MI upon arrival of patients to the hospital [14, 51] . Following MI, released myofilament proteins are used as clinically relevant biomarkers for the detection of myocardial damage [52] . While novel biomarkers that predict outcome following MI are being increasingly identified, many of them lack "ideal" cardiac specificity and diagnostic sensitivity. Unfortunately, the levels of current gold standard biomarkers, such as the cardiac troponins that are used for diagnosing NSTEMI, are undetectable in the early stages of MI when intervention is most beneficial [2, 8] . Detectable cTnI levels are present only at 6-12 h following infarction (Fig. 3 ) [51, 53] , resulting in patients having to wait longer for diagnosis and treatment. Furthermore, the cardiac troponins have a very long lifespan in the blood relative to other cardiac biomarkers, making them undesirable for diagnosing reinfarction, which is an acute MI that occurs within 28 days of the incident or recurrent MI [4] . As early diagnosis of MI is vital for improved outcome, an immediate indicator of MI presence and severity between 0 and 6 h is urgently needed. cMyBP-C has been identified as a potential biomarker for the timely diagnosis of MI based on its early release into the circulation in response to ischemic injury in rats, pigs, and humans [14, 53, 54] . It was recently shown that plasma cMyBP-C levels significantly increased from baseline at 3 h and peaked at 6 h following ligation of a branch of the left anterior descending coronary artery in a porcine model of MI (Fig. 3 ) [53] . In particular, cMyBP-C levels were detectable 30 min following left anterior descending ligation [53] . Moreover, plasma cMyBP-C levels in humans with hypertrophic obstructive cardiomyopathy undergoing transcoronary ablation of septal hypertrophy were significantly increased from baseline after 4 h [53] . This indicates the potential for cMyBP-C as an early biomarker of MI. We attempted to classify cMyBP-C as a bona fide biomarker of MI in comparison to the diagnostic capabilities of currently used gold standard biomarkers, i.e. cTnI or cardiac troponin-T. In the 65 MI patients studied, Figure 3 . Schematic illustration of cMyBP-C release kinetics in the blood following MI. Cardiac ischemia occurs when the supply of blood to the heart does not appropriately respond to the demand required due to atherosclerosis in the anterior region of the heart and either partial or complete stenosis of a coronary artery by plaque rupture. Symptomatically, this could result in chest pain, which would send patients to the Emergency Department (ED). Prolonged ischemia leads to cellular necrosis, followed by acute MI. Currently, NSTEMI patients are diagnosed on the basis of increased blood levels of cTnI, but this marker of MI only becomes significantly elevated in the blood at 6-12 h after the onset of ischemia, causing critical diagnostic delays before treatment can be initiated. Recently, we detected the presence of cMyBP-C in the plasma of pigs within 30 min of MI [53] , suggesting that cMyBP-C could be a sign of early ischemia in patients with NSTEMI. Interestingly, the C0C1f proteolytic fragment appears to be the first indication of an early ischemic event. Upper panel shows the release kinetics of circulating cMyBP-C and cTnI up to 14 days following ligation of the LAD coronary artery in swine as measured by immunoassay.
cMyBP-C levels were equal to, or greater than, those of other existing cardiac biomarkers, with cMyBP-C levels declining prior to those of the gold standard biomarker cTnI [51] . Additionally, using proteomics analyses (Fig. 2B) , such as 1D gel-LC-MS/MS, 2DE, and LTQ Orbitrap XL, Jacquet et al. identified cMyBP-C, among other candidate biomarkers of acute MI, in both its full-length form and as the C0C1f degradation product in coronary effluent collected after ischemia in isolated mouse hearts initially perfused with oxygenated protein-free buffer [55] . cMyBP-C was detected in the plasma post-MI in vivo, signifying a profile in line with a biomarker of MI. Given that cMyBP-C has unique cardiac-specific domains, these results suggest that cMyBP-C could serve as both a sensitive and cardiac-specific biomarker for the accurate diagnosis of MI and that the application of proteomics approaches may help elucidate and validate this potential in future research [26] .
cMyBP-C proteomics in health and disease
cMyBP-C has been demonstrated to contain multiple sites that are subject to PTM (Fig. 2A) . Characterization of protein PTMs with lack of a priori knowledge remains a significant challenge. Recently, advanced proteomics approaches, such as MS/MS, have been utilized to assess cMyBP-C PTMs in health and disease (Fig. 2B ) [22] [23] [24] [25] 56] . Given that cMyBP-C contains 81 serine and 73 threonine residues, identifying specific phosphorylation sites has been a significant challenge [24] . As such, Ge et al. made use of top-down electron capture dissociation MS as a powerful proteomics technique to identify and quantify all of the cMyBP-C phosphorylation sites using intact full-length (C0-C10) and truncated (C0-C1, C0-C4, and ⌬C0-C1) forms of mouse cMyBP-C expressed in baculovirus [24] . Sequential phosphorylations within the full-length sequence of cMyBP-C were determined using top-down and middle-down MS [24] . From this work, they concluded that differences exist in posttranslational states between truncated and full-length cMyBP-C recombinant proteins and that these differences may alter both protein structure and function. cMyBP-C has been shown to be phosphorylated by PKA within its M-domain at Ser-275, Ser-284, Ser-304, and Ser-307 in humans [31, 57] . To further determine phosphorylation sites within cMyBP-C, Kuster et al. implemented MS/MS analysis of semipurified cMyBP-C from human heart tissue and identified a novel GSK3␤ phosphorylation site at Ser-133 within the cMyBP-C Pro-Alarich linker domain [35] . This site was not phosphorylated by PKA, demonstrating the involvement of other kinases in the PTM of cMyBP-C. While PTMs of myofilament proteins are vital for the regulation of cardiac function under normal physiological conditions [58] , it is important to understand how PTMs become altered in disease. Yuan et al. suggested the involvement of PTM changes in the onset of myocardial stunning, which was defined by Braunwald and Kloner [59] as the "delayed recovery of regional myocardial contractile function after reperfusion despite the absence of irreversible damage and despite restoration of normal flow." In a model of regional myocardial stunning in the canine heart, proteomic changes to cMyBP-C were determined using 2D-DIGE that detected altered phosphorylation of cMyBP-C in regional myocardial stunned tissue compared to nonischemic tissue [22] . IMAC and MS/MS indicated the presence of three novel phosphorylation sites of the five sites identified in the C1-C2 linker of canine cMyBP-C upon phosphorylation mapping [22] . In a rat model of global stunning, they determined an association between stunning and elevated cMyBP-C phosphorylation at a calcium/calmodulin-dependent kinase II site, which was prevented by ischemic preconditioning or low-calcium reperfusion, indicating a vital role for cMyBP-C phosphorylation in myocardial stunning [22] . Subsequently, to determine how sarcomeric protein phosphorylation changes with development, Yuan et al. compared the sarcomeric phosphoproteomes of neonatal and adult rat hearts using a proteomics approach [23] . Relative protein quantification and phosphorylation changes were determined by 2D-DIGE and phosphoprotein staining, which demonstrated elevated phosphorylation of neonatal cMyBP-C [23] . The differential phosphorylation between neonatal and adult cMyBP-C was further characterized with high-resolution linear ion trap-FT (LTQ-FT) MS analysis of titanium dioxide (TiO 2 ) enriched phosphopeptides labeled with 16 O/ 18 O during in-gel digestion, as well as by Western blot analysis. Their results indicated increased phosphorylation of cMyBP-C at Ser-295 and Ser-315, but decreased phosphorylation at Ser-320, in neonatal hearts compared to these sites in adult hearts [23] . Thus, they concluded that differential phosphorylation changes within the same protein are regulated by development and the prevalent physiological state. Intriguingly, another potential phosphorylation site in cMyBP-C at Ser-297 was not basally phosphorylated in the rat heart. This finding seemed to contradict their earlier study in which Ser-297 phosphorylation was observed in canine hearts following I-R injury [22] , indicating that phosphorylation of this site was canine specific or induced by the I-R injury.
cMyBP-C phosphorylation decreases during HF and pathologic hypertrophy [36] , while the preservation of cMyBP-C phosphorylation by mutating the phosphorylation sites to aspartic acid sites, mimicking constitute active phosphorylation, appears to be cardioprotective following I-R injury [37] . Although previous studies identified novel phosphorylation sites within cMyBP-C, a complete characterization of the cMyBP-C phosphoproteome was missing. To address this, Kooij et al. used two proteomics-based techniques in healthy and end-stage failing hearts to characterize the cMyBP-C phosphoproteome [25] . Using LTQ-Orbitrap MS of TiO 2 -enriched cMyBP-C phosphopeptides following strong cation exchange chromatography, they were able to identify 17 phosphorylation sites on cMyBP-C in vivo, of which 9 were novel [25] . Most phosphorylation sites were localized to domains C0-C2 of cMyBP-C. However, the physiological and pathological significance of many of these sites requires further characterization, as they are of uncertain significance and/or low occupancy. Based on the identified phosphorylation sites, SDS-PAGE revealed the M-domain residues Ser-284, Ser-286, and Thr-290 to be highly phosphorylated. Phosphorylation of Ser-284, the most highly phosphorylated among these residues, was significantly decreased in HF [25] . These results indicate multiple new avenues by which cMyBP-C PTMs may regulate cardiac contractility and imply novel areas of research for understanding the role of cMyBP-C in the failing heart. Furthermore, the use of proteomics approaches to quantify additional cMyBP-C phosphosite-specific alterations within MI hearts may help to address the current challenges that exist in understanding the relationship between protein phosphorylation and cardiac function.
While cMyBP-C phosphorylation is a critical modification, the identification of other cMyBP-C PTMs through the use of proteomics assays will define novel roles for this protein in the regulation of cardiac function. For example, cMyBP-C has been shown to undergo S-glutathionylation, an oxidative modification, in animal models of diastolic dysfunction that correlates with alterations in crossbridge kinetics and may possibly influence contractile dynamics [60] . Upon tetrahydrobiopterin treatment of animals with diastolic dysfunction, a reduction in cMyBP-C glutathionylation, and improved kinetics of crossbridge turnover were observed, suggesting that PTM of myofilament proteins can regulate cardiac relaxation [61] . Patel et al. determined the residues within cMyBP-C that were glutathionylated by mimicking S-glutathionylation of myofilament proteins in vitro and using Western blot and MS/MS to analyze these proteins [56] . Western blot analysis revealed elevated glutathionylation of cMyBP-C with MS/MS narrowing the glutathionylated residues to cysteines 479, 655, and 627 [56] . Functionally, it was indicated that S-glutathionylation of cMyBP-C has direct effects on elevating Ca 2+ -sensitivity of the myofilament [56] . In addition to glutathionylation, it has recently been demonstrated that oxidative modification of cMyBP-C may be in the form of carbonylation [62] . Using doxorubicin-induced oxidative stress, Aryal et al. demonstrated through MS analysis that cMyBP-C is carbonylated under cardiotoxic conditions in a rat model of spontaneous hypertension [62] . During doxorubicin-induced oxidative stress, they confirmed that cMyBP-C is carbonylated and degraded within the proteasome, suggesting a role for cMyBP-C carbonylation in the identification of oxidative stress induced cardiotoxicity [62] . Together, these studies demonstrate the utility of proteomics approaches in the identification and characterization of new cMyBP-C PTMs and implicate novel roles for cMyBP-C domains that were never before thought to have functional significance.
Conclusion and future directions
The data supporting release of cMyBP-C following MI and the damaging effects of the C0C1f peptide on cardiac function have illuminated the pathogenic roles of this sarcomeric protein following ischemic injury. Therefore, development of a therapeutic strategy that targets C0C1f may provide protection from this cardiac dysfunction. Furthermore, the release of C0C1f following MI has the potential to induce an immune response and the production of cMyBP-C-AAbs that could lead to the progression of autoimmune myocarditis to DCM and HF. However, the production of such AAbs and their pathogenic effects in these disease states remain the subjects of future research.
The use of proteomics approaches to define the PTMs of cMyBP-C and hence, the function of this cardiac protein in health and disease may provide a more complete understanding of the roles of cMyBP-C following MI and in the failing heart. The early release of cMyBP-C into the circulation after MI highlights its role as a potentially new and beneficial biomarker for the early clinical diagnosis of MI when patients arrive at the hospital. While it is evident that the early accurate detection of MI will likely require the use of several biomarkers in a "multimarker" regimen [63, 64] , the addition of cMyBP-C as a cardiac-specific biomarker of MI has the potential to shorten the time required for clinical diagnosis, allowing for much improved survival outcomes.
The work was supported by National Institutes of Health grants R01HL105826 and K02HL114749 to SS.
